Endogenous retroviruses (ERV) are found throughout vertebrate genomes and failure to 20 silence their activation can have deleterious consequences on the host. Introduction of 21 mutations that subsequently prevent transcription of ERV loci is therefore an 22
indispensable cell-intrinsic defense mechanism that maintains the integrity of the host 23 genome. Abundant in vitro and in silico evidence have revealed that APOBEC3 cytidine-24 deaminases, including human APOBEC3G (hA3G) can potently restrict 25
retrotransposition; yet in vivo data demonstrating such activity is lacking, particularly 26 since no replication competent human ERV has been identified. In mice deficient for 27
Toll-like receptor 7 (TLR7), transcribed ERV loci can recombine and generate infectious 28 ERV. In this study, we show that mice deficient in the only copy of Apobec3 in the 29 genome did not have spontaneous reactivation of ERVs, nor elevated ERV reactivation 30 when crossed to Tlr7 -/mice. In contrast, expression of a human APOBEC3G transgene 31 abrogated emergence of infectious ERV in the Tlr7 -/background. No ERV RNA was 32 detected in the plasma of hA3G + Apobec3 -/-Tlr7 -/mice, and infectious ERV virions could 33 not be amplified through co-culture with permissive cells. These data reveal that hA3G 34 can potently restrict active ERV in vivo, and suggest that the expansion of the 35 APOBEC3 locus in primates has helped restrict ERV reactivation in the human genome. 36 37 Importance 38
Although APOBEC3 proteins are known to be important antiviral restriction factors in 39 both mice and humans, their roles in the restriction of endogenous retroviruses (ERV) 40 have been limited to in vitro studies. Here, we report that human APOBEC3G 41 3 expressed as a transgene in mice prevents the emergence of infectious ERV from 42 endogenous loci. This study reveals that APOBEC3G can powerfully restrict active 43 retrotransposons in vivo and demonstrates how ectopic expression of human factors in 44 transgenic mouse models can be used to investigate host mechanisms that inhibit 45 retrotransposons and reinforce genomic integrity. 46 47
Body 48
Roughly eight to ten percent of both human and murine genomes is composed of 49 endogenous retroviruses (ERV), the endogenized counterparts of ancient retroviruses 50 that invaded the germline and became fixed within these genomes (1, 2). The proviral-51 like ERV present in the genomes of common laboratory mouse strains formed following 52 infection by an exogenous murine leukemia virus (MLV), and these ERV loci are 53 actively transcribed and translated. Although wild-type C57BL/6 mice do not contain a 54 proviral ERV locus capable of independently generating replication-competent ERV (3), 55 infectious ERV virions readily emerge when B-cell elicited humoral control mediated 56 through toll-like receptor 7 (TLR7) signaling is deficient (4, 5). As with emerged ERV 57 from recombination-activating gene 1-deficient (Rag1 -/-) mice (4), we observed that 58 infectious ERV in Tlr7 -/mice result from recombination between Emv2, the only 59 ecotropic ERV in the C57BL/6 genome, and several endogenous retroviral loci ( Figure  60 1A). Thus, as with proviruses, cell-intrinsic control of ERV is essential to limit their 61 transcription and potential for recombination and emergence. In addition to stochastic 62 recombination events that remove ERV from the genome and transcriptional silencing of 63 ERV loci (6), mutagenesis of retroelement sequences by Apolipoprotein B editing 64 4 complex 3 (APOBEC3) proteins is an important component of this innate defense 65 against ERV. 66 67 Present throughout vertebrate genomes, APOBEC3 proteins are zinc-dependent 68 cytosine deaminases that act on single-stranded DNA to cause cytosine-to-uracil 69 mutations in target sequences (7) . Although mouse genomes encode a single Apobec3 70 gene, mA3, expansion of this locus in primates has given rise to seven APOBEC3 71 genes, APOBEC3A, -3B, -3D/E, -3F, -3G, & -3H (8). APOBEC3 proteins, and 72 particularly the human APOBEC3G (hA3G), have long been appreciated for their potent 73 restriction of exogenous retroviruses. Originally characterized for its activity against 74 human immunodeficiency virus 1 (HIV-1) (9), hA3G is a restriction factor that is 75 packaged into retroviral virions, which upon release into target cell hypermutates 76 reverse transcribed viral ssDNA through its deaminase domain (10, 11). hA3G also 77 inhibits reverse transcriptase in a deaminase-independent manner (12) (13) (14) . 78 79 Additionally, hA3G restricts murine ERV when overexpressed in in vitro reporter assays 80 (15-17), and can hypermutate human ERV (HERV) sequences (18, 19) . This in vitro 81 evidence is also supported by in silico data that mA3 and hA3 family members have 82 targeted murine ERV and HERV genomic loci (20), respectively, including those 83 encoding the proviral ERV capable of emergence in mice (21). Meanwhile, in vivo 84 studies have demonstrated that mA3 restricts MLV (22, 23) . In addition, hA3G is 85 capable of blocking primary infection with exogenous MLV when expressed as a 86 transgene in mice (24). Yet it remains unclear the extent to which hA3G restricts ERV 87 and other retroelements in vivo, particularly since replication-competent HERV have not 88 been identified in the human genome (25) and identification of A3-restricted 89 retrotransposons is complicated by the high copy number and repetitive nature of the 90 retroelements themselves. On the other hand, in C57BL/6 mice, a single proviral ERV, 91
Emv2, forms the backbone of the infectious ERV that emerge (4). Because this locus is 92 unique, its increased expression serves as an indicator of ERV emergence. We 93 therefore took advantage of this phenomenon and available hA3G transgenic mice on 94 the mA3 knockout (mA3 -/-) background (24) to investigate if mA3 and hA3G proteins are 95 able to prevent or impede the emergence of replication competent ERV in Tlr7 -/mice in 96 vivo. 97
98
To investigate the role of mA3 and hA3G in the restriction of ERV, we first crossed 99 hA3G + mice lacking mA3 (hA3G + mA3 -/-) to Tlr7 -/mice to generate a first generation (F1) 100 of transgene-positive and -negative mice with homozygous loss of TLR7 (hA3G + mA3 -/-101 Tlr7 -/and hA3G -/mA3 -/-Tlr7 -/-). We also bred mice that maintained mA3 expression in 102 the absence of TLR7 (hA3G -mA3 +/+ Tlr7 -/-). These three strains were then bred out for 103 several generations and screened for both A3 expression ( Figure 1B ) and ERV 104 emergence (Fig. 1C ) by reverse transcription quantitative polymerase chain reaction 105
Generation of replication-competent ERV requires multiple recombination events to 108 restore polymerase function and endow the Emv2-based virus with a non-restricted 109 capsid (3). Accordingly, we first observed ERV emergence in mA3 +/+ Tlr7 -/and mA3 -/-110 6 Tlr7 -/mice by the third generation (F3) of breeding between homozygous knockouts 111 ( Figure 1C ). More than half (8/15) of the mA3 -/-Tlr7 -/mice were ERV-positive, as were 4 112 of the 11 mA3 +/+ Tlr7 -/controls. These data indicated that mA3 is not sufficient to prevent 113 emergence of ERV. Like most MLV, ERV express glycosylated Gag ( Figure 1A) , a 114 longer, glycosylated variant of Gag protein that counters restriction by mA3 (22). This 115 antagonization may underlie the failure of mA3 to prevent ERV emergence. 116
117
In stark comparison to the effect of mA3, hA3G expression in the Tlr7 -/background 118 entirely abrogated ERV emergence ( Figure 1C ). In the F3 offspring, all 13 hA3G + mA3 -/-119 Tlr7 -/mice retained control of ERV, and this impressive capacity to prevent ERV 120 emergence extended to the fourth (F4) and to fifth (F5) generations, where all 121 hA3G + mA3 -/-Tlr7 -/mice remained infectious ERV-negative. We did not observe 122 differences in global expression levels of IAP, MusD, early transposon I & II (ETnI & 123 ETnII) elements, or LINE1 between any of the genotypes by RT-qPCR ( Figure 1D-H) . 124
Thus, these data suggest that hA3G is highly specific for Emv2-derived ERV and is not 125 involved in the widespread suppression of LTR retroelement or LINE1 transcription. 126 127 Restriction of MLV by hA3G involves both cytosine deamination-dependent and -128 independent mechanisms (24). We hypothesize that restriction of ERV by hA3G 129 includes hypermutation of partially or fully recombinant ERV transcripts. We were able 130 to amplify infectious ERV from hA3G -Tlr7 -/splenocytes in co-culture with permissive cell 131 lines (Figure 2A -C) and to detect circulating ERV RNA in plasma from these mice 132 ( Figure 2D ). However, we were unable to detect ERV RNA in the plasma of and were 7 unable to amplify infectious ERV from hA3G + mA3 -/-Tlr7 -/mice (Figure 2A-D) . Because 134 infectious ERV did not emerge in these mice, we are unable to ascertain the extent to 135 which deamination contributes to restriction in transgene-positive mice. It is also 136 possible that, as with MLV and HIV-1 infection, hA3G inhibits the reverse transcriptase 137 of polymerase-restored ERV or otherwise impairs subsequent integration (26, 27) 138 during the initial stages of emergence, before infectious virions are reconstituted. To 139 study how hA3G specifically restricts ERV emergence would require the development of 140 a new in vitro system that accurately recapitulates the events that give rise to 141 emergence. 142
143
In this study, we have demonstrated that unlike mA3, hA3G powerfully restricts ERV in 144 vivo, preventing the emergence of infectious ERV that would otherwise occur in the 145 absence of TLR7 signaling. These data extend our understanding of the function of this 146 protein and reveal an important layer of host defense that reinforces genomic integrity. 147
Indeed, the expansion of the APOBEC3 locus and the presence of hA3G may 148 contribute to the mechanisms that prevent reconstitution of replication-competent HERV 149 in humans. While the sequence of events that results in ERV emergence has yet to be 150 characterized, this study demonstrates that mice transgenic for human restriction 151 factors can serve as a powerful tool to investigate how such proteins, including hA3G, 152 interact with retroelements and restrict their movement within the genome. The aqueous layer was combined with 500uL isopropanol and 90ug/mL glycerol and 209 frozen for 1hr at -80 degrees Celsius. The RNA was then pelleted by centrifugation for 210 10 min at 12,000g at 4 degrees Celsius and washed twice with cold 75% ethanol before 211 resuspending in 10uL of RNase-free water. cDNA was synthesized using the 212 Superscript III Cells Direct cDNA Synthesis Kit (Invitrogen) and qPCR was performed as 213 above, using sequenced ERV plasmid (described below) to generate a standard curve 214 for absolute quantification. The day before co-culture,100,000 DFJ8 avian fibroblasts were plated in 1mL of DMEM 218 (Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco) in a 12-219 well tissue culture-treated dish. On the day of co-culture, spleens were isolated and 220 dissociated through a 40m filter in RPMI media (Gibco) and red blood cells were lysed 221 with ACK lysis buffer. The splenocytes were then washed and passed through a 70m 222 filter prior to counting, and 5 million splenocytes from each mouse were added to a 223 corresponding well of DFJ8 cells, supplemented with an additional 1mL of media. Four 224 days later, each co-culture (supernatant plus cells) was moved to a 60mm dish using 225 2mM EDTA in PBS to dissociate the adherent cells, with a final culture volume of 4mL. 226
On day 7 of co-culture, the adherent cells were stained for ERV envelope expression by 227 flow cytometry. 228
229

Flow cytometry 230
Hybridoma supernatant containing monoclonal antibody 573 was a kind gift of Leonard 231 Evans (32). Cells were washed twice with PBS and stained with mAb573 diluted 1:1 232 with PBS, then washed twice again and stained with anti-mouse CD45.2-FITC 233 (BioLegend 109805), anti-mouse IgM-APC (Jackson 115-136-075), and 7-AAD viability 234 staining solution (eBioscience 00-6993-50). Prior to analysis, cells were fixed in 1% 235 paraformaldehyde in PBS. All incubations were performed at a final volume of 30L for 236 15-20min at 4 degrees Celsius. Flow cytometry was performed on a BD LSRII Green 237 cytometer and data was analyzed with FlowJo. 238
239
ERV isolation and sequencing 240
Individual ERV-infected DFJ8 cells from co-culture with TLR7 -/splenocytes were 241 seeded in a 96-well plate and expanded until confluent in 12-well dishes. These 242 monoclonal cultures were analyzed for ERV envelope expression by flow cytometry (as 243 described above), and a single infected clone (D61) was selected. Two million D61 cells 244
were plated in T-175 flasks in 30mL of media and grown for 1 week, after which the 245 supernatant was harvested. Cell debris was removed by centrifuging the sample at 246 1500rpm for 5 min, and the resulting supernatant was clarified through a 0.45um filter. 247
The clarified supernatant was underlaid with a 1.12 g/ul sucrose cushion and 248 ultracentrifuged at 23,000rpm for 2hr at 4 degrees Celsius. The resulting viral pellet was 249 resuspended in Opti-MEM (Gibco) and stored at -20 degrees Celsius. ERV RNA was 250 isolated from these viral stocks using Trizol/Chloroform extraction and random hexamer 251 cDNA synthesis (described above). Using the Emv2 mm10 genomic sequence, primers 252 to highly conserved regions of the Emv2 backbone were used to amplify overlapping 253 segments of the viral genome, which was assembled using Gibson Assembly (NEB) 254 and cloned into the pUC19 vector for sequencing. 255
256
ERV recombination analysis 257
A moving, overlapping window of size 50bp was used to extract fragment sequences 258 from the Emv2 ERV sequence. The step of the moving window is 1bp. The fragment 259 sequences were used as queries to search the GRCm38 reference genome by blat with 260 -fastMap option. Overused tile file with tile size 11 was used in the search. For each 261 query sequence, all its hits were sorted based on score = (% identity * alignment 262 length), chromosomes and positions; only those hits that have maximum score 263 (including ties) were kept. Each hit on this hit list was searched in both directions to 264 
